The effects of temperature dependency of cooling rate arising in the thickness direction during freezing on post-thaw cell viability in oriented cell monolayers simulating thick tissue implants of about 20 mm in thickness was investigated. Human dermal fibroblasts were cultured on a grooved substrate of 24 × 24 mm for 24 hours; a test sample of an oriented cell monolayer was prepared. This sample was placed perpendicularly in an experimental container, frozen from the bottom at 0.2, 0.3 or 0.5ºC/min from 4 to -40°C, cooled to below -180°C, and then thawed. Post-thaw cell viability was evaluated. These conditions were designated as variation conditions. To determine the cooling rate in each part, temperature was measured during freezing in three regions corresponding to the thickness direction; 4, 12 and 20 mm from the lower end of the substrate. Furthermore, post-thaw cell viability of samples frozen with level placement and constant cooling rates was evaluated for comparison; these conditions were known as constant conditions. As a result, the cooling rate of each part had a convex curve as a function of temperature, and maximum deviation of the cooling rate between each region and the control region increased with distance from the lower end of the sample. Cell viability, in contrast to the decline in average cooling rate from -7 to -40°C under variation conditions, was much lower than that under constant conditions. Thus, the temperature dependency of cooling rate arising in the thickness direction affected post-thaw cell viability in thick tissue implants.
Introduction
For transplantation of the cornea or cardiac valves, recovery of defects in skin or cartilage, and treatment of intractable neuropathy, tissue transplantation implants, such as biological tissues and artificial tissues with cells embedded in a scaffold, has become increasingly common in recent years (1) (2) (3) (4) (5) , and cryopreservation is often used as a method of long-term preservation. However, cell quality after cryopreservation is insufficient, due to reductions in cell viability or function. Problems in both structure and capacity have complex effects. For example, cell density, cell arrangement, cell junctions, interactions between cells and substrates, etc., are structural issues (6-10), while differences in cooling conditions in each region of the material during cryopreservation are a capacity issue. Although research into these structural issues has advanced, the problems related to capacity have attracted little attention. This is because, to date, thin samples with thicknesses of less than 5 mm were primary candidates for preservation. Thus, for quality enhancement in cryopreservation of tissue transplantation implants with thicknesses of 5 to 20 mm, which will be necessary in the future, cooling conditions need to be investigated with regard to problems related to both structure and capacity.
A two-step freezing method is commonly used for freezing cells and biological tissues (11, 12) . First, a sample is moderately dehydrated by extracellular freezing at approximately -40°C with slow cooling at a fixed rate, and the sample is then rapidly cooled to a preservation temperature of -196°C using liquid nitrogen. There is an optimal value for the cooling rate in the first step (optimal cooling rate (13) ), at which the post-thaw cell viability is highest. When a small capacity cell suspension is frozen, the cooling curve (i.e., the relationship between temperature and time) for the first step is mostly linear. As a result, the whole sample is frozen at a uniform cooling rate. However, the cooling curve at deeper points within the thicker samples is nonlinear due to restrictions in thermal conduction, even when the surface of the sample is frozen at a constant cooling rate. This leads to differences in cooling rates between the surface and deep regions. In the freezing process of thick tissue implants, both the differences in cooling rate produced between the surface and deeper parts, and the temperature dependency of the cooling rate produce differences in cell viability throughout the tissue implant. However, it is unknown how the temperature dependency of the cooling rate affects cell viability, as it is difficult to locally investigate cell viability after the cryopreservation of thick tissue implants.
In the cryopreservation of thick tissue implants, freezing order resulting from thermal conduction occurs in the thickness direction of a sample. As this is a three-dimensional phenomenon, it is too complex for simple correlations with cell viability. Therefore, relating the freezing phenomenon to cell viability is only possible by examining simple thermal conduction. This is achieved by limiting the cooling site of the test sample. Furthermore, instead of using biological tissue, artificial tissue embedded in a scaffold or thick supports, monolayer cultures arranged into sheet-like substrates and frozen would allow the variations in cooling rate and their relationship with post-thaw cell viability to be assessed. The structural problems described above would thus be limited, and phenomena of related to tissue thickness can be evaluated in this simplified system. Moreover, if cells are cultured on a substrate, the primary orientation of biological tissues will be lost. To imitate the cell arrangement of a biological tissue and to give a freeze order to the sample, problems related to cell orientation arise. Although there has been various research studies into cell orientation to better understand dynamic responses (14) (15) (16) (17) , the method based on machine grooves prepared on the substrate as a cell guide is considered to be the simplest (18, 19) . If this technique is used, the state near the actual tissue transplantation implant can be evaluated. It is thought that the cell arrangement and freezing order in the thickness direction will reflect the actual conditions in tissue.
In this study, monolayer cultures that imitate the cell arrangement of the tissue and orientation in grooves on a sheet-like substrate were used as test samples. Samples were frozen and post-thaw cell viability in each region in the thickness direction was investigated. Furthermore, the temperature dependency of the cooling rate in each region and the relationship with post-thaw cell viability were investigated, and post-thaw cell viability of samples frozen at constant cooling rates was evaluated using another experimental device for the comparison of cell viability. As mentioned above, the purpose was to clarify the effects of temperature dependency of cooling rate resulting from the nonlinearity of the cooling curve inside the sample on post-thaw cell viability after cryopreservation of the tissue implants of about 20 mm in thickness. In addition, a non-oriented cell monolayer cultured on substrate without surface grooves was prepared in order to evaluate the effects of groove processing on the direction of cell orientation and on cell viability after the freeze-thaw process.
Materials and Methods

Preparation of substrate for cell orientation
Experimental apparatus for freezing samples
The experimental apparatus used to freeze samples is illustrated in Fig. 1 . A weighing bottle made of polypropylene was used as the experimental container [Kartell (Milano, Italy) 343; 40 mm in diameter and 69 mm in height, 60 ml]. As the test substrate was fixed in the perpendicular direction, a guide pipe made of polytetrafluoroethylene placed into the slot inside was used (24 mm in inner diameter and 36 mm in outer diameter, 33 mm in height) (Fig. 2) .
A cooling chamber (cylindrical shape, 43 mm in diameter and 82 mm in maximum depth) that was able to freeze the entire experimental container was prepared. 
Experimental procedure for freeze-thaw samples
In this study, the temperature range and cooling rate were set for cryopreservation by the two-step freezing method (11, 12) . In a preliminary experiment, we confirmed that the influence of the grooves on orientation, as well as cell orientation itself, had very little effect on cell viability after the freeze-thaw process ( Fig. 2 : level placement), and that the direction of orientation (non-oriented cells, vertically oriented cells and horizontally oriented cells) has no effect on cell viability after the freeze-thaw process ( Fig. 2: perpendicular placement). To investigate the influence of the temperature dependency of cooling rate on cellular viability after cryopreservation, post-thaw cell viability of horizontally oriented cells under perpendicular placement was evaluated with cooling rates of 0.2, 0.3 and 0.5ºC/min; these conditions were designated as variation conditions.
A common procedure is shown. Before the experiment, the pipe and 14-ml of cryoprotectant solution (10% v/v dimethyl sulfoxide (DMSO) + DMEM) was placed into the experimental container, followed by cooling in a refrigerator at 4°C. The test sample was removed from the culture dish with tweezers, was placed in the experimental container, and was covered with the lid. Samples placed into the cooling chamber were stuck to the copper block, frozen from 4ºC to -40ºC or lower with arbitrary cooling rates, and were then cooled to less than -180ºC at a cooling rate of approximately 20ºC/min. Subsequently, the experimental container was removed from the cooling device, and samples were thawed by immersion in water at 37ºC in a constant temperature bath [Taitec (Koshigaya, Japan) Personal-11] for 20 minutes.
Evaluation of post-thaw cell viability
Fluorescence double dyeing of the samples was carried out after thawing, and cellular viability was determined from fluorescence microscopic images. Cytoplasm in live cells was dyed with Calcein-AM [Dojindo (Kumamoto, Japan); excitation wavelength: 490 nm, emission wavelength: 515 nm], and the nuclei of dead cells were dyed with DAPI (excitation wavelength: 360 nm, emission wavelength: 460 nm). Samples were removed from the experimental container with tweezers and placed culture side up into cell culture dishes. DAPI solution diluted with DMEM (1 ml, concentration of 2.86 nM) was added to the culture dishes, and after 5-min incubation, the solution was removed by aspiration. Calcein-AM solution diluted with DMEM (1 ml, concentration of 4 µM) was then added to the culture dishes, and after 30-min incubation, the solution was removed by aspiration. Samples were then removed from culture dishes, were placed culture side down into clean culture dishes, and 1 ml of DMEM was added. Fluorescence luminescence and phase-contrast images were obtained using a fluorescence inverted microscope [Nikon (Chiyoda-ku, Japan) TE-300-DEF-S] and a CCD camera [Hamamatsu Photonics (Hamamatsu, Japan) Orca-ER), and were downloaded to a personal computer equipped with image-processing software [ Samples were divided into nine areas of 8 × 8 mm, and the numbers of live and dead cells in these areas were counted, as shown in Fig. 3 . The center of each area was chosen as the point of measurement in order to ensure consistent temperature data (Fig. 5) . Post-thaw cell viability was determined using the following equation: 
The average value for viability in each of the nine areas was combined into an average cell viability for the sample in cases where there was no freezing order. Moreover, in cases where there was a freezing order, the average viability in areas 1-3 was used as the cell viability of the upper part (20-mm part), the average viability in areas 4-6 was used as the cell viability of the middle part (12-mm part), and the average viability in areas 7-9 was used as the cell viability of the lower part (4-mm part).
The experiment was repeated in the control sample, which was not subject to the freeze-thaw process. Fluorescence staining images of control monolayers cultured as non-oriented cells (A) and oriented cells (B) are shown in Fig. 4 . In the image of oriented cells (Fig. 4 B) , the direction of the groove was horizontal, and the cytoplasm of the live cell was dyed with Calcein-AM green. The oriented cells were largely parallel with the direction of groove processing. 
Determination of cooling rate from cooling curve
In order to examine the temperature dependency of cooling rate for every part of the samples subjected to a freezing order, the cooling curve (time dependence of temperature) in each part of the sample was measured. Substrate was fixed to the guide pipe for perpendicular placement. The guide pipe was inserted into the experimental container and 14 ml of cryoprotectant solution was added. The experimental container was placed in the cooling chamber and set in the cooling device. The substrate was frozen at a cooling rate of 0.2, 0.3 or 0.5°C/min, and temperature was measured at 4 mm (a), 12 mm (b) and 20 mm (c) from the lower end of the substrate using a thermocouple (Fig. 5) . Temperature measurement continued until temperature of the upper part was lower than -40°C, and was recorded with a data logger [Omron (Kyoto, Japan) ZR-RX40; sampling interval: 100 s]. The experiment was repeated 3 times. Representative cooling curve (i.e., relationship between temperature and time) in each substrate region frozen at a cooling rate of 0.5°C/min under perpendicular placement is shown in Fig. 6 . Moreover, the deviation in temperature between the horizontal edge and the center part in each region of substrate was less than 0.8°C in the temperature range between -7°C and -40°C. Therefore, horizontal uniformity and freezing order of the substrate were considered to have been attained. Cooling rates between adjacent temperature data were compared based on the temperature data and sampling interval of each repetition to give mean temperature and cooling rates. Cooling rate data was averaged, and smoothing (moving average of ten data sets) was performed to suppress variation. At around -40°C, which is the termination temperature of cellular dehydration, the relationship between temperature and cooling rate was determined after -7°C in order to avoid the influence of latent heat. From the results, the average cooling rate and maximum cooling rate under each condition were determined. 
Freezing sample with constant cooling rate
In order to compare cell viability under variation conditions (samples were frozen at cooling rates that varied with temperature), post-thaw cell viability when the same sample was frozen at a constant cooling rate was measured. The equipment used was as described in a previous study (20) . Cooling rates were set at 0.1, 0.3, 0.6 or 1.0°C/min, and samples were placed level in a 35-mm culture dish, and frozen. Immersion conditions for cryoprotectant solution, temperature conditions and measurement of cell viability after the freeze-thaw process have already been described. These conditions were designated as constant conditions. Moreover, using this experimental device, the deviation in cooling rate in each sample related to the control cooling rate was less than 20%.
Results
Post-thaw cell viability in each substrate region for horizontally oriented cells frozen at cooling rates of 0.2, 0.3 and 0.5°C/min under perpendicular placement is shown in Fig. 7 .
Post-thaw cell viability is shown on the vertical axis, control cooling rate (0.2, 0.3, 0.5ºC/min) and each region (4-mm part, 12-mm part and 20-mm part) are shown on the horizontal axis. At a cooling rate of 0.2°C/min, cell viability in the 4-mm part, the 12-mm part and the 20-mm part was 28.1±3.7%, 35.6±4.7% and 41.2±7.6%, respectively, and this increased with distance from the temperature control region. The difference in cell viability between the 4-mm and 20-mm parts was statistically significant (Kruskal-Wallis test, P < 0.05 for n = 9). At a cooling rate of 0.3°C/min, cell viability in the 4-mm part, the 12-mm part and the 20-mm part was 46.2±3.9%, 43.9±6.2% and 30.3±7.5%, respectively, and this increased with distance from the temperature control region. The differences in cell viability between the 4-mm and 20-mm parts, and between the 12-mm and the 20-mm parts were statistically significant (Kruskal-Wallis test, P < 0.05 for n = 9). At a cooling rate of 0.5°C/min, cell viability in the 4-mm part, the 12-mm part and the 20-mm part was 33.7±5.1%, 24.6±6.4% and 21.4±5.9%, respectively, and this increased with distance from the temperature control regions. The differences in cell viability between the 4-mm and 20-mm parts, and between the 12-mm and 20-mm parts were statistically significant (Kruskal-Wallis test, P < 0.05 for n = 9). The temperature dependency of the cooling rate from -7°C to -40°C at control cooling rates of 0.2, 0.3 and 0.5°C/min is shown in Figs. 8A, 8B and 8C, respectively. Cooling rate is shown on the vertical axis, and temperature is shown on the horizontal axis, with the relationships fitted using polynomial expression. Although the cooling rate at the control site was constant at all cooling rates, a convex curve was seen at the other measurement sites in the substrate. The differences between the control cooling rate and the maximum cooling rate increased with distance from the temperature control region (from the lower part to the upper part of the sample), and the peak (maximum cooling rate) shifted to the high temperature side.
The average cooling rate and maximum cooling rate (inside of parenthesis) at each measurement site were computed from the data of the temperature dependency of the cooling rate (Figs. 8A-8C ) and are summarized in Table 1 . The temperature range of the average cooling rate was calculated from -7°C to -40°C, which has a major effect on cellular dehydration. For all tested cooling rates, both the average cooling rate and maximum cooling rate increased with distance from the temperature control region. The relationship between post-thaw cell viability and cooling rate when oriented cells were frozen at a constant cooling rate under level placement in the culture dish is shown in Fig. 9 . Cell viability is shown on the vertical axis, and cooling rate is shown on the horizontal axis. Cell viability at cooling rates of 0.1, 0.3, 0.6 and 1°C/min was 29.8±7.1%, 53.3±7.5%, 40.4±4.1% and 27.7±6.7%, respectively. Cell viability was highest at 0.3°C/min. Moreover, differences in cell viability between 0.1 and 0.3°C/min, and between 0.3 and 1°C/min were statistically significant (Kruskal-Wallis test, P < 0.01 for n = 5).
Fig. 9.
Relationship between post-thaw cell viability and cooling rate when oriented cells were frozen at constant cooling rates under level placement in a culture dish.
Discussion
The effects of the temperature dependency of cooling rate on cell viability after the freeze-thaw process were assessed. In this experiment, the temperature was controlled via a constant cooling rate at the bottom of the experimental container. When the sample is cooled, the solution is in an unfrozen state and the difference in sample temperature between the 20-mm and 4-mm parts is approximately -7°C. At temperatures below -7°C, as the solution freezes from the lower part to the upper part, thermal conductivity in the up-and-down direction increases, and the difference in temperature between the 20-mm and 4-mm parts decreases (e.g., Fig. 6 ). As a result, the cooling rate of each part of the sample increases, peaking from -15°C to -30°C, and then decreases to give a curve approaching the control cooling rate (Figs. 8A-8C) . Therefore, although the maximum deviation between the cooling rate and the control cooling rate at each temperature is smaller in the 4-mm part of the sample, it increases in the 20-mm part.
At a cooling rate of 0.2°C/min, the difference between the maximum cooling rate and the control cooling rate increased, and cell viability after the freeze-thaw process also increased with the distance from the temperature control region (Figs. 7, 8A ). This is thought to be because the cooling rate approached conditions suitable for survival with increasing distance from the temperature control region. At cooling rates of 0.3°C/min and 0.5°C/min, the difference between the maximum cooling rate and the control cooling rate increased with distance from the temperature control region, and cell viability after the freeze-thaw process decreased. This is thought to be because the cooling rate led to conditions unsuitable for survival with increasing distance from the temperature control region. Post-thaw cell viability of samples frozen at constant conditions was highest at 0.3°C/min (i.e., optimal cooling rate), as shown in Fig. 9 . Therefore, as it is thought that a cooling rate of 0.2°C/min is equivalent to cooling rates below the optimal cooling rate, cellular damage probably resulted due to the solution effect (13)(21) of a sample and decreases with increasing distance from the temperature control region. As cooling rates of 0.3°C/min and 0.5°C/min are thought to be equivalent to cooling rates above the optimal cooling rate, cellular damage due to intracellular freezing (13) increases with distance from the temperature control region.
It was difficult to compare data on cell viability under variation conditions. Therefore, the average cooling rate was used as an evaluation index or comparison with cell viability under constant conditions. The relationship between the average cooling rate and cell viability from Fig. 7 and Table 1 (variation conditions), and the relationship between cell viability and cooling rate from Fig. 9 (constant conditions) were plotted in Fig. 10 . Post-thaw cell viability shown on the vertical axis, cooling rate is shown on the horizontal axis, with the relationships fitted using the polynomial expression. Based on this figure, cell viability was a convex curve with a peak between 0.3°C/min and 0.4°C/min under both sets of conditions, and these curves tended to be mostly in agreement. Therefore, the effects of temperature dependency of cooling rate in the thickness direction of the sample on cell viability can be compared using an average cooling rate as an evaluation index. As the curve under variation conditions resembles that under constant conditions, the decreases in cell viability are the result of the solution effect at cooling rates below the peak (between 0.3 and 0.4°C/min), and intracellular freezing at cooling rates above the peak. Furthermore, as compared to constant conditions, whole cell viability under variation conditions is lower, and the gradient of the curve for cooling rates below the peak cell-viability is steeper; these are effects that cannot be explained by average cooling rate. Accordingly, these effects are thought to be due to the temperature dependency of the cooling rate. Understanding the temperature dependency of cooling rate is useful for improving cell viability, if suitable values are used when cooling of the sample. Based on the relationship between cooling rate and flux of cellular dehydration resulting from concentrated solute caused by extracellular ice formation, the cooling concept shown below is validated theoretically: cooling increases with decreasing temperature from the coagulation point to -20°C, in which comparatively high amounts of cellular dehydration are seen, thus increasing the driving force of dehydration, and then cooling rate decreases with temperature from -20°C to -40°C, in which termination of cellular dehydration is seen, thus avoiding intracellular supercooling (22) . For example, Tijssen et al. reported that cell viability under variable cooling rate was slightly higher than that under constant cooling rate in the cryopreservation of peripheral blood stem cell transplants using 10% DMSO as a cryoprotectant (23) . Considering the principle of dehydration by freezing cells from outside, the concentration differences in unfrozen solution in the inside and outside the cells can serve as a driving force. These concentration differences increase with cooling rate. Therefore, as concentration differences per unit temperature decrease with temperature, it is necessary to increase the cooling rate with decreasing temperature in order to maintain a constant driving force. However, because increases in cooling rate increase the degree of intracellular supercooling, intracellular freezing and cellular damage can occur. Although unintentional, the curves for the temperature dependency of cooling rate in this study (Fig.  8 ) resemble this condition.
If compared with the cooling rate in Fig. 10 , cell dehydration under constant conditions may be gentler or more inefficient than under variation conditions. As the gradient of the fitted curve for cell viability at less than 0.3°C/min under variation conditions was steeper than that under constant conditions, the solution effect is thought to readily occur under excess dehydration. As the peak cell viability under variation conditions was lower than that under constant conditions, increases in intracellular freezing by marked increases in cooling rate accompany the temperature decline. Moreover, because the gradient of the fitted curve for cell viability with cooling rates greater than the peak in variation conditions was steeper than that under constant conditions, intracellular freezing readily occurs. This is because supercooling with greater cooling rates occurs instead of the dehydration acceleration. Therefore, if the temperature dependency of cooling rate is applied under optimal conditions, it is possible to improve cell viability, as compared with constant cooling rate conditions. However, conditions are not optimal in the thickness direction; thus, temperature dependency of cooling rate adversely affects cell viability.
The phase change of the water, which accounts for the greatest percentage of mass, is dominant from the viewpoint of heat conduction in the freezing phenomenon of a sample. Therefore, the effect of freezing order of cells and the temperature dependency of the cooling rate in each position of a substrate on cell viability of the sample after the freeze-thaw process was thought to have been reproduced as a phenomenon of the thickness direction, if arrangement of the cells in tissue was imitated in oriented cell monolayers. However, the response of cells to freezing based on structural factors, i.e., the effect of three-dimensional interactions between cells and substrate (extracellular matrix), was not reproduced. This needs to be pursued further in the future.
Conclusion
In oriented cell monolayers simulating tissue implants of about 20 mm thickness, we found the following as a result of investigating post-thaw cell viability of samples frozen from the lower part to the upper part. It was clear that post-thaw cell viability of the sample was affected by the temperature dependency of cooling rate produced in each part, and the effects increased with distance from the temperature control region (i.e., thickness). Cell viability of samples frozen under conditions with temperature dependency of cooling rate could be described as an evaluation index when using the average cooling rate over a temperature range from -7°C (when extracellular freezing starts) to -40°C (when intracellular dehydration ends), as the progress of dehydration in extracellular freezing affects cell viability of freeze-thaw samples.
